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Abstract. The economic and human consequences of ex-
treme precipitation and the related flooding of urban areas
have increased rapidly over the past decades. Some of the
key factors that affect the risks to urban areas include cli-
mate change, the densification of assets within cities and the
general expansion of urban areas. In this paper, we examine
and compare quantitatively the impact of climate change and
recent urban development patterns on the exposure of four
European cities to pluvial flooding. In particular, we inves-
tigate the degree to which pluvial floods of varying sever-
ity and in different geographical locations are influenced to
the same extent by changes in urban land cover and climate
change. We have selected the European cities of Odense,
Vienna, Strasbourg and Nice for analyses to represent dif-
ferent climatic conditions, trends in urban development and
topographical characteristics. We develop and apply a com-
bined remote-sensing and flood-modelling approach to sim-
ulate the extent of pluvial flooding for a range of extreme
precipitation events for historical (1984) and present-day
(2014) urban land cover and for two climate-change sce-
narios (i.e. representative concentration pathways, RCP 4.5
and RCP 8.5). Changes in urban land cover are estimated us-
ing Landsat satellite imagery for the period 1984–2014. We
combine the remote-sensing analyses with regionally down-
scaled estimates of precipitation extremes of current and ex-
pected future climate to enable 2-D overland flow simula-
tions and flood-hazard assessments. The individual and com-
bined impacts of urban development and climate change are
quantified by examining the variations in flooding between
the different simulations along with the corresponding un-
certainties. In addition, two different assumptions are exam-
ined with regards to the development of the capacity of the
urban drainage system in response to urban development and
climate change. In the “stationary” approach, the capacity re-
sembles present-day design, while it is updated in the “evo-
lutionary” approach to correspond to changes in impervious-
ness and precipitation intensities due to urban development
and climate change respectively. For all four cities, we find
an increase in flood exposure corresponding to an observed
absolute growth in impervious surfaces of 7–12 % during the
past 30 years of urban development. Similarly, we find that
climate change increases exposure to pluvial flooding under
both the RCP 4.5 and RCP 8.5 scenarios. The relative im-
portance of urban development and climate change on flood
exposure varies considerably between the cities. For Odense,
the impact of urban development is comparable to that of cli-
mate change under an RCP 8.5 scenario (2081–2100), while
for Vienna and Strasbourg it is comparable to the impacts
of an RCP 4.5 scenario. For Nice, climate change dominates
urban development as the primary driver of changes in ex-
posure to flooding. The variation between geographical loca-
tions is caused by differences in soil infiltration properties,
historical trends in urban development and the projected re-
gional impacts of climate change on extreme precipitation.
Developing the capacity of the urban drainage system in re-
lation to urban development is found to be an effective adap-
tation measure as it fully compensates for the increase in run-
off caused by additional sealed surfaces. On the other hand,
updating the drainage system according to changes in precip-
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itation intensities caused by climate change only marginally
reduces flooding for the most extreme events.
1 Introduction
In recent years it has been widely demonstrated that cities
globally are becoming increasingly exposed to the occur-
rence and impacts of pluvial flooding (Barredo, 2007; Field
et al., 2012). It is evident that the observed changes in
risk have been caused by a combination of different fac-
tors. These include ongoing climate change, leading to in-
creases in the frequency and intensity of extreme precipita-
tion events, general population growth and high rates of ur-
banization during the late 20th and early 21st centuries. Thus,
the extent of urban land cover has dramatically increased
while at the same time concentrations of assets and eco-
nomic activities in cities worldwide have rapidly increased
also (Angel et al., 2011; Field et al., 2012). Current trends in
urban development and further urban densification, includ-
ing soil sealing, are projected to continue in all regions of the
world (Angel et al., 2011; United Nations, 2014). As a result,
urban areas are expected to become even more exposed and
vulnerable to flooding in the future.
A key feature of most cities is the high proportion of im-
pervious surfaces (ISs) in the form of roads, buildings, park-
ing lots and other paved areas. For this reason ISs are often
used as an indicator of urbanization (Weng, 2012). Changes
in the quantity and location of ISs have important implica-
tions for the hydrological response of a catchment. Replacing
natural land cover with sealed surfaces generally reduces in-
filtration capacity, surface storage capacity and evapotranspi-
ration (Parkinson and Mark, 2005; Butler and Davies, 2011;
Hall et al., 2014). Moreover, it leads to a loss of natural water
retention and consequently increased run-off volumes, dis-
charge rates, flood peaks and flood frequency (Butler and
Davies, 2011). Knowing the exact quantity and location of
ISs is therefore important in estimating the spatially dis-
tributed run-off volumes during high-intensity rainfall.
Satellite imagery and remote-sensing techniques offer a
complete spatial and temporal coverage of urban land cover
changes during the past 30 to 40 years, and may be used to
quantify changes in ISs. Medium-resolution imagery, includ-
ing Landsat for example, has been found to provide accurate
estimates of the quantity and distribution of ISs with abso-
lute mean errors of less than 10 %, which is an acceptable
level of accuracy for many applications (Chormanski et al.,
2008; Verbeiren et al., 2013; Dams et al., 2013; Kaspersen et
al., 2015). While high-resolution and hyperspectral imagery
may be ideally suited for addressing the large heterogeneity
of urban environments, the low temporal coverage (limited
availability of historical archives), small scene sizes and high
acquisition costs of these data sets often constitute a barrier
to their use in mapping the urban development of major cities
over decadal time scales or longer (Weng, 2012; Verbeiren et
al., 2013). Conversely, the application of the freely available
medium-resolution Landsat imagery constitutes a cost- and
resource-efficient alternative for hydrological modelling pur-
poses compared to traditional and high-resolution feature- or
pixel-based techniques (Verbeiren et al., 2013).
The influence of changes in ISs on urban hydrology has
been investigated by quite a few authors (e.g. Weng, 2001;
Chormanski et al., 2008; Poelmans et al., 2010; Dams et al.,
2013; Verbeiren et al., 2013; Urich and Rauch, 2014; Sk-
ougaard Kaspersen et al., 2015). Most of these studies adopt
a modelling approach where estimates of ISs at two or more
points in time are combined with spatially distributed hydro-
logical models in order to examine the influence of changes
in urban land cover on water balance parameters. Results
generally confirm that the increase in urbanization strongly
affects peak discharges, run-off volumes and hydrological re-
sponse times during extreme precipitation (Semadeni-Davies
et al., 2008). The impact of changes in imperviousness is
found to be more pronounced for less extreme events than
for very extreme events (and probabilistically less frequent)
(Hollis, 1975). One reason for this difference is that pervious
surfaces are more likely to become saturated during high-
intensity rainfall events and thus begin to behave as imper-
vious areas after the onset of the rain. The saturation time is
longer during less extreme events. That said, limited research
has been conducted examining and comparing the degree of
variability across geographical locations in the relative im-
pacts of soil sealing (i.e. urban development) and climate
change in exposing entire urban areas to pluvial flooding.
In this paper, we examine the impacts of changes in urban
land cover and climate change on exposing urban areas to
pluvial flooding in four European cities. Our aim is to sepa-
rate the importance of these drivers of changes to flood risks
and compare them. To do so, we quantify the impacts of the
past 30 years of urban development on exposing urban areas
to pluvial flooding and compare them with expected climate
change impacts on the four cities of Nice, Strasbourg, Vienna
and Odense. These cities were carefully selected for anal-
yses as they occupy different geographical locations across
Europe and thus represent different climatic conditions, dis-
similar historical trends in urbanization (expected), and vary-
ing soil characteristics and topographies (flat vs. hilly), all of
which are important for infiltration processes during extreme
rain events. We expect that the impact of urban development
is more pronounced for cities characterized by coarse soil
textures and limited topography, since soil infiltration rates
are higher there, causing soil sealing to have a greater im-
pact on the urban hydrological response to extreme precipi-
tation in such areas. In addition, due to longer soil saturation
times during precipitation with shorter return periods (RPs),
the influence of changes in imperviousness is likely to be
more prominent for less intense precipitation, whereas it af-
fects the hydrological response to the most extreme events
to a lesser degree. We investigate the effectiveness of updat-
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Figure 1. Schematic of the methodology for quantifying the influence of changes to urban land cover and climate change on exposure to
pluvial flooding.
ing the urban drainage system in response to urban develop-
ment and climate change by simulating two scenarios: (1) the
capacity of the drainage system is updated to correspond to
changes in ISs and precipitation intensities, and (2) no modi-
fications to the capacity of the drainage system are assumed.
By applying a systematic methodology, we estimate the rel-
ative importance of some of the main factors that expose ur-
ban areas to pluvial flooding. Increased knowledge of these
phenomena in different locations will enable local and na-
tional decision makers to prioritize efficiently between dif-
ferent adaptation measures and urban development strategies
when climate-proofing cities in the future.
2 Methods and data
2.1 Framework
A combined remote-sensing and flood-modelling approach
is adopted to simulate the occurrence and extent of flooding
following a range of design precipitation events under cur-
rent and expected future climate conditions. To include the
influence of spatial variations in urban land cover (changes in
ISs), simulations are performed for two different urban con-
figurations corresponding to historical (1984) and present-
day (2013–2015) observations of the urban surface.
The data processing and evaluation procedures being car-
ried out are divided into the following three separate types
of analyses: (a) urban development analysis, (b) flood mod-
elling and (c) quantification of the influence of urban devel-
opment and climate change on exposure to flooding (Fig. 1).
Initially, we analysed Landsat TM (Landsat 5) (1984) and
Landsat OLI (Landsat 8) (2013–2015) imagery to quantify
IS fractions at a pixel level of 30× 30 m for historical and
current urban land-cover conditions. Secondly, the outputs of
the remote-sensing analyses are combined with soil infiltra-
tion data and regionally downscaled estimates of current and
expected future precipitation extremes to enable 2-D over-
land flow simulations and flood-hazard assessments within a
flood-modelling framework. The importance of two different
assumptions about the temporal development of the drainage
system was tested, that is, a “stationary” and an “evolution-
ary” scenario. In the latter we assume that the design of the
drainage system is updated to match the degree of urban de-
velopment in the period 1984–2014 (2013–2015), as well as
the projected intensity of extreme precipitation towards the
end of this century (2081–2100) for representative concentra-
tion pathways (RCP) RCP 4.5 and RCP 8.5 (Meinshausen et
al., 2011), respectively. This is based on the notion that urban
drainage systems are often developed in parallel to (planned)
urban development and in some cases, are based on the future
projections of precipitation from climate models (Chocat et
al., 2007; Arnbjerg-Nielsen, 2011; Gregersen et al., 2014).
This allows us to examine quantitatively the efficiency of ex-
panding the urban drainage system, which is currently the
most common large-scale adaptation measure in protecting
urban areas from pluvial flooding. Flood-hazard maps rep-
resenting the extent and depth of flooding are generated for
various combinations of urban land cover, intensities of ex-
treme precipitation (i.e. different return periods) and climate
scenarios. High-intensity precipitation events with intensi-
ties corresponding to RPs of 10, 20, 50 and 100 years are
included in the analysis. Finally, the relative influence of ur-
ban development and climate change on exposure to flooding
is evaluated through a comparison of multiple flood-hazard
maps. The impact of recent urban development is isolated
by simulating the occurrence of identical design precipitation
events for both historical and current levels of urban IS frac-
tions. Conversely, design precipitation intensities are varied
to reflect both current and expected future precipitation inten-
sities, and imperviousness is kept constant while evaluating
the expected impacts of different climate change scenarios.
A total of 84 combinations of input parameters with regard
to degree of imperviousness, climate scenario, climate model
projection, precipitation return period, soil water infiltration
and drainage system development were simulated for each
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Figure 2. (a) Conceptual relationship between impervious surface fractions and vegetation cover or vegetation indices in urban environments
(adapted from Bauer et al., 2008); (b) example of a high-resolution image used to measure impervious surface fractions and soil-adjusted
vegetation index (SAVI) calculated from Landsat OLI for a central part of Vienna.
city. Twelve of these were performed for historical (1984)
levels of imperviousness, while an additional 72 were con-
ducted for the present-day (2013–2015) cities. A pairwise
cross comparison of multiple flood-hazard maps is carried
out to quantify the relative importance of changes in land
cover as compared to climate change for the overall expo-
sure to pluvial flooding. All climate-change impact scenarios
are simulated with IS corresponding to the present-day situ-
ation – for example, reflecting the increased hazards without
implementing suitable adaptive measures as part of future ur-
ban development.
2.2 Urban development analysis
Since urban land use is generally characterized by a large de-
gree of heterogeneity (roads, buildings, vegetation, water and
bare soil within small distances), it is often highly problem-
atic to categorize and map urban structure and development
on the desired scale accurately (Dams et al., 2013). For the
purpose of this analysis, we define an “inner urban zone” for
each city based on the land cover/land use classification in
the CORINE 2012 Land Cover (CLC) inventory (CORINE,
2012). The categories that are considered urban in this con-
text are the following: urban fabric, industrial and commer-
cial units, port areas, airports, dump sites, green urban ar-
eas, and sport and leisure facilities. In the following, urban
development and changes in flood exposure are considered
only within this zone.
A number of techniques have been developed to estimate
the quantity and location of ISs as a proxy for urban land
cover, including traditional field surveys with GPS, manual
digitizing from hard copy maps and, more recently, pixel-
or feature-based methods using remotely sensed imagery
(Weng, 2012). As most urban development occurs at decadal
time scales, temporal coverage is a key parameter when mon-
itoring changes to urban land cover. While state-of-the-art
high-resolution satellite imagery (less than 5 m) only dates
back to the late 1990s and early 2000s, medium-resolution
data (e.g. Landsat imagery) offer complete spatial and tem-
poral coverage of global changes to urban land cover during
the past 30 to 40 years, from 1984 onwards, at a spatial reso-
lution of 30 m.
In this study, the quantification of spatio-temporal changes
in imperviousness is based on a linear relationship between
vegetation cover and IS fractions (Fig. 2a, b), which exists in
many urban environments (Bauer et al., 2002; Lu et al., 2014;
Kaspersen et al., 2015). Linear regression models (Table S1
in the Supplement) developed by Kaspersen et al. (2015) re-
lating the soil-adjusted vegetation index (SAVI) to levels of
imperviousness were applied to estimate IS fractions for the
four cities both historically and for the present day.
Multiple Landsat images are compiled into maximum
value composites (MVCs) to reduce the influence of inter-
annual and intra-annual variations in the timing of maximum
vegetation cover (Table S2 in Supplement). Based on these
composites, the impervious surface (IS) fractions for indi-
vidual grid cells are calculated as
IS= a×mvcSAVI+ b, (1)
where a and b are regression parameters to be estimated in-
dividually for each city.
Initial IS fractions were corrected for pixel values of less
than 0 and greater than 100 % to restrict the output from the
linear regression models that exceed the range of 0–100 %.
Impervious surface fractions are estimated at a spatial res-
olution of 30 m, which is the same resolution as the short-
wave (visual and near-infrared) bands in the Landsat TM
and OLI sensors. These are later resampled to a spatial res-
olution of 25 m, using a nearest neighbour assignment ap-
proach to match the resolution of the digital elevation model
(DEM) used for overland flow calculations. In order for the
reflectance data, and thus the subsequent SAVI images and
IS fractions, to be comparable between the Landsat TM (his-
torical images) and OLI (present-day) sensors, the difference
Hydrol. Earth Syst. Sci., 21, 4131–4147, 2017 www.hydrol-earth-syst-sci.net/21/4131/2017/
P. Skougaard Kaspersen et al.: Comparison of the impacts of urban development and climate change 4135
in the spectral response function between the two sensors is
corrected for by applying conversion factors to each of the
individual bands of the TM or the OLI sensor (depending
on the regression models) (Flood, 2014). Further information
on the different analytical steps involved in the processing of
Landsat data may be found in Kaspersen et al. (2015).
2.3 Run-off and infiltration
Several empirical and theoretical methods have been devel-
oped to describe infiltration characteristics during precipita-
tion of varying intensities, these being the key engines con-
trolling overland run-off generation in hydrological models
(Tomicic, 2015). Some of the most widely applied methods
include Horton’s equation, the Green–Ampt method and the
Soil Conservation Service method (Horton, 1933; Green and
Ampt, 1911; USDA, 1986). All three methods assume that
the infiltration rate decreases with time, but they use differ-
ent equations (and input data) to determine the initial and fi-
nal losses and the slope of the curve describing the infiltration
rate. Even simpler techniques, where infiltration is defined as
a constant or proportional loss, may be sufficient to describe
the run-off for some applications.
By definition, run-off is the proportion of precipitation that
does not infiltrate. Soil infiltration properties, which are pri-
marily controlled by soil texture, topography (slope) and soil
structure (granular vs. compact soils), are therefore impor-
tant (together with the degree of soil sealing) in determining
the total amount of surface run-off during precipitation. Sim-
ilarly, the soil water/moisture content at the onset of precipi-
tation will significantly influence the amount of run-off.
In this study, run-off is calculated for each pixel and each
time step in the design storm precipitation time series. We
will consider Rt as the net run-off from each pixel at time t .
It consists of two components, one arising from impervious
areasRt,IS and the other from non-impervious areasRt,non-IS.
This dual approach is necessitated by the relatively coarse
spatial resolution (30 m) of the Landsat imagery and the large
heterogeneity of urban areas, which in many cases causes
both pervious and ISs to be present within individual grid
cells:
Rt = Rt,non-IS+Rt,IS. (2)
Run-off from the pervious areas is here based on a simplified
version of Horton’s infiltration model (Horton, 1933). Equa-
tion 3 presents Horton’s original infiltration model where ft
is the infiltration rate at time t , f0 is the initial infiltration ca-
pacity, fc is the constant or equilibrium infiltration rate and
k is the soil-specific decay constant:
ft = fc+ (f0− fc)e−kt . (3)
Assuming that soils are fully saturated at the onset of the
precipitation, which means that the initial loss (f0) is negligi-
ble, we can apply the simplified Horton’s infiltration equation
(Eq. 4), where the infiltration capacity is constant during in-
dividual high-intensity precipitation events. For extreme pre-
cipitation events, some authors further report the initial loss
to be negligible for the total infiltration/run-off (Stone et al.,
2008). Adopting this simplifying assumption, we can apply
the same soil texture data set across the different cities. In ad-
dition, a constant infiltration rate can be used during the en-
tire duration of the modelled precipitation and for all design
events. The fact that infiltration capacities are conservative
under this assumption may lead run-off from pervious sur-
faces to be exaggerated in situations where the soils are not
saturated at the beginning of the rainfall event. This may also
result in slightly conservative estimates of soil sealing (e.g.
due to urban development). Due to a large variation in re-
ported initial infiltration capacities, and because such values
are difficult to extrapolate to other geographical areas, a con-
stant infiltration rate is preferred in the current study. As all
grid cells are quantified by their degree of imperviousness,
IS values are included to represent the impervious surface
fraction for each pixel, causing a decrease in infiltration as
the degree of imperviousness increases. Note that ft = 0 for
IS= 100 %. This leads to the simplified infiltration model for
pervious areas (IS values are specified as percentages):
ft = fc(100− IS). (4)
From this simplified infiltration model, the run-off contri-
bution from pervious areas, Rt,non-IS, is calculated for each
pixel and time step using Eq. 5, where Pt is the precipita-
tion rate and ft the infiltration rate. IS values are the share in
percent of each grid cell covered by ISs.
Rt,non-IS = (Pt − ft )(1− IS) if Pt > ft and,
Rt,non-IS = 0 if Pt < ft . (5)
Run-off from impervious areas is calculated by assuming
that there is no infiltration (Jensen, 1990; Butler and Davies,
2011). However, the presence of a drainage system is sim-
ulated by removing run-off corresponding to precipitation
from a 5-year return period, Pt,RP 5. Hence the contribution
to the net run-off from the impervious areas Rt,IS is given by
the following:
Rt,IS = (Pt −Pt,RP 5) IS. (6)
Run-off from grid cells that includes both pervious and
impervious areas, Rt,% IS, can be calculated by combining
Eqs. 5 and 6 with information on the shares of the two types
of surfaces within the individual grid cells:
Rt,% IS = (Pt − ft )(1− IS)+ (Pt −Pt,RP 5) IS. (7)
The runoff from each grid cell is allowed to infiltrate later
during the events, i.e. runoff flowing from fully saturated
surfaces to areas with excess capacity will infiltrate accord-
ingly. To accommodate this, a net infiltration rate is defined
in MIKE 21 allowing for infiltration of both precipitation and
www.hydrol-earth-syst-sci.net/21/4131/2017/ Hydrol. Earth Syst. Sci., 21, 4131–4147, 2017
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mm h-1 France Austria Denmark France 
 Strasbourg Vienna Odense Nice 
High 30.6 46.2 58.6 20 
Average 15.3 23.1 29.3 10 
Low 7.65 11.55 14.65 5 
 
 
0–   4 % 5–   8 % 8–  12 % 12–16% >16 %
Coarse sand 32 25 19 13 8
Medium sand 27 22 16 11 7
Fine sand 24 19 14 10 6
Loamy sand 22 18 13 9 6
Sandy loam 19 15 11 8 5
Fine sandy loam 16 13 10 6 4
V. fine sandy loam 15 12 9 6 4
Loam 14 11 8 6 4
Silt loam 13 10 8 5 3
Silt 11 9 7 5 3
Sandy clay 8 6 5 3 2
Clay lo am 6 5 4 3 2
Silty clay 5 4 3 2 1
Clay 3 3 2 1 1
Coarse
Medium
Medium fine
Fine
Very fine
Soil texture/slope
Nice
Odense
Vienna
Strasbourg
Figure 3. Potential infiltration rates (mm h−1) for pervious areas in the four cities, calculated based on the primary soil texture and average
slope within the cities. “Low” is calculated as half the average and “High” is twice the average, adapted from USDA (2016).
runoff at any stage during the events. The average run-off ra-
tio over the entire precipitation event, Rr , can therefore be
calculated using Eq. 8, i.e. the share of precipitation which
does not infiltrate or is transported via the sewer system. The
ratio is calculated prior to the horizontal movements of water
and driven by the characteristics of the DEM in the MIKE 21
overland flow model (see Sect. 2.5 for information on the
flood modelling).
Rr =
∑
Rt∑
Pt
(8)
In the current study, potential soil infiltration rates are esti-
mated for each city using information on the dominant soil
texture and the average slope of the urban area (Fig. 3). Soil-
texture data at a spatial resolution of 10× 10 km from the
European Soil Portal are used to provide information on the
general soil properties at the city level (JRC, 2016). An aver-
age of the four grid cells closest to the cities was converted to
a single average soil-texture class. The average slopes were
calculated using the EU-DEM, which was also used for the
overland flow model. Data from the United States Depart-
ment of Agriculture (USDA) on soil-type specific infiltration
are used as the basis for estimating the potential infiltration
rates, as well as to highlight the variations in soil textures
and topography between the different cities (USDA, 2016)
(Fig. 3). High and low values of potential infiltration are in-
cluded to examine the sensitivity of the modelling approach
to variations in this parameter and to provide a quantitative
measure of uncertainty to be used in the ensuing analyses of
exposure to pluvial flooding.
2.4 Climate-change impacts on extreme precipitation
Climate change is expected to increase the intensity and fre-
quency of precipitation extremes in both the short and long
terms for most regions globally, including Europe (Fowler
and Hennessy, 1995; Larsen et al., 2009; Field et al., 2012;
Sunyer et al., 2015a). Climate projections generally sug-
gest that the most severe extremes with the shortest (sub-
daily) durations are likely to be enhanced more than less se-
vere (daily) extremes (Larsen et al., 2009; Arnbjerg-Nielsen,
2012). In this analysis, we consider two different climate
scenarios: RCP 4.5 and RCP 8.5. The RCP 4.5 scenario
describes a mitigated future with increases in near-surface
air temperatures of 1.8 ◦C (1.1–2.6 ◦C) towards the year
2100 compared to the present-day reference period, while
the RCP 8.5 scenario represents a world where the in-
creased radiative forcing corresponds to an increase of 3.7 ◦C
(2.6–4.8 ◦C) in 2100 (Intergovernmental Panel on Climate
Change, 2014).
The impact of climate change on extreme precipitation in-
tensities is represented using a change factor (CF) method-
ology, i.e. by estimating the relative difference between cli-
mate model outputs (extreme precipitation intensities) for fu-
ture and present-day conditions respectively (Willems et al.,
2012; Sunyer et al., 2015b). Extreme value analyses are car-
ried out for both present-day (1986–2005) and future (2081–
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2100) time slices for maximum hourly precipitation (within
one day) to estimate the intensities for return periods of 5 to
100 years (RP 5, RP 10, RP 20, RP 50 and RP 100). The ex-
treme value series are derived from the two time slices using
a partial duration series (PDS) based on an average of three
extreme events per year, following Sunyer et al. (2015b). A
generalized Pareto distribution (GPD) is then fitted to the de-
rived extreme value series to estimate the intensities for dif-
ferent return periods. In contrast to Sunyer et al. (2015a), the
shape parameter in the GPD is not estimated using a region-
alization approach but calculated individually for each grid
cell. This potentially causes a large diversity in resulting CFs
between neighbouring grid cells. The CFs are calculated for
each return period (RP 5–RP 100) and applied to the statistic
of present-day design precipitation events to obtain the char-
acteristics of future precipitation. The same CF is used for all
durations in the intensity duration frequency (IDF) curves.
An ensemble of 10 regional climate projections extracted
from the CORDEX archive are used to estimate different CFs
(Giorgi et al., 2009). All the simulations were carried out
by the Swedish Meteorological and Hydrological Institute
(SMHI) and use SMHI’s regional climate model RCA4 to
downscale climate projections from 10 different general cir-
culation models (GCMs) to a horizontal resolution of 50 km.
Three different CFs are estimated for each city and climate
scenario: a CF corresponding to the ensemble mean, as well
as CFs corresponding to the 10th and 90th percentiles (based
on the 10 simulations; 80 % of the models are within the 10th
and 90th percentile) to represent some of the model uncer-
tainty. In all cases, the CFs are calculated based on the nine
grid cells located closest to the four cities. This is done to
avoid selecting individual pixels with abnormally low or high
values, which could be present because of the spatially het-
erogeneous shape parameter in the GPD.
2.5 Flood modelling
Overland flooding can occur as a consequence of extreme
precipitation when the urban drainage system is surcharging
or when soil infiltration and storage capacities are exceeded.
Water can pond on the surface or flow in preferential flow
paths along streets or between buildings depending on the
local topography. When modelling overland flooding, sev-
eral modelling concepts are available. Some methods inte-
grate 1-D modelling of flow in the sewage system with a 1-D
description of overland flow (Maksimovic´ et al., 2009). Oth-
ers use modified software originally intended for estuarine
and coastal modelling to interact with the drainage system,
e.g. MIKE FLOOD by DHI or TUFLOW (MIKE Powered
by DHI, 2016; BMT Group Ltd., 2016). The pros and cons
of these methods have been widely discussed (Mark et al.,
2004; Leandro et al., 2009; Obermayer et al., 2010), and the
choice of method is highly dependent on the aim of the study:
e.g. 1-D solutions are fast but offer a poor approximation of
complex (non-unidirectional) flows.
In this study we use the overland flow model in MIKE 21
(MIKE powered by DHI, 2016), which computes 2-D over-
land flows in response to given extreme precipitation input
based on, for example, terrain data, including a DEM. The
main data input to MIKE 21 for the analyses conducted in
this study are time series of precipitation and infiltration rates
for the geographical locations being examined, along with
a DEM for routing the excess surface water after the onset
of precipitation. This modelling approach does not include
an explicit representation of subsurface flows nor of the ur-
ban drainage system. Instead, the drainage capacity of the
pipes is included by modifying the precipitation input over
the entire urban area by assuming a general maximum pipe
capacity based on precipitation intensities (Chow et al., 1988;
Henonin et al., 2013). Here the maximum drainage capaci-
ties are assumed to correspond to precipitation with a return
period of five years (RP 5). The intensities of precipitation
events with return periods exceeding this level are reduced
accordingly for the ISs to reflect this assumption (see Eq. 6
in Sect. 2.3). The result gives the run-off generated at a pixel
level. This is then routed between pixels to allow for further
losses if downstream pixels have surplus infiltration capacity.
Effectively this means that the run-off ratio prior to horizon-
tal flows is calculated for each grid cell for every time step
(minutes) using Eq. 7.
Evidently, by neglecting the exact location and character-
istics of the urban drainage system, errors are introduced
which particularly influence the results with respect to the
extent and location of flooding derived from the model. How-
ever, it is assumed that these effects will be localized and that
their significance will decrease for more extreme precipita-
tion events (Paludan et al., 2011).
IDF curves are used to construct time series of Chicago de-
sign storms for 5-, 10-, 20-, 50- and 100-year RPs (Gregersen
et al., 2014; BMLFUW, 2016; Coste and Loudet, 1987). The
IDF curves are derived from historical measurements of pre-
cipitation from weather stations located in (or in the sur-
rounding areas of) each of the cities and are considered to
be representative of precipitation characteristics in both 1984
and 2014. The duration of a precipitation event is set to 4 h
in all our simulations to ensure that the results are compa-
rable in both time and space. Figure 4 shows maximum 1 h
intensity and total precipitation for the different precipitation
events and cities under present-day and future climatic con-
ditions. The EU-DEM, which offers elevation estimates over
the European continent at a 25 m spatial resolution, is used
as the basis for calculating surface water flows after the on-
set of precipitation (EEA, 2013). Soil water infiltration rates
are calculated for each grid cell by combining IS fractions
with information on soil textures and the average slope at the
city level (see Sect. 2.3 for more details).
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Figure 4. (a) Total precipitation and (b) maximum 1 h precipitation intensities during the individual design events for Nice, Strasbourg,
Vienna and Odense. Total precipitation duration is 4 h. Error bars for the RCP 4.5 and RCP 8.5 represent low/high climate factors (CFs)
respectively (low CF is in the 10th percentile and high CF is in the 90th percentile).
3 Results
3.1 Urban development
The results of the urban development analyses show that
the four cities have experienced increasing imperviousness
throughout the past 30 years, which is consistent with the
predominant trend towards urbanization worldwide, with ab-
solute changes ranging from 6.6 % points in Nice to 11.6 %
points in Strasbourg (Table 1). From visual inspection we
find that the increases in ISs are primarily driven by cities
expanding into non-urban areas. However, there is also a ten-
dency towards the intensification of existing urban land cover
in all four cities. Detailed quantitative analyses of the loca-
tions of change are highly relevant for other applications, in-
cluding risk assessment, but they lie outside the scope of this
paper.
3.2 Projections of extreme precipitation
The results of the extreme value analysis indicate a general
increase in the intensity of extreme precipitation towards the
end of the 21st century for both the RCP 4.5 and RCP 8.5
scenarios, with CFs of approximately 1–1.6 (Table 2). Av-
erage CFs are found to vary less (approximately 1.1–1.3 for
Table 1. Impervious surface fractions and changes therein during
1984–2014 (2013–2015). Imperviousness is calculated for the area
covered by the urban classes in the CORINE 2012 Land Cover in-
ventory (CORINE, 2012).
France Austria Denmark France
Strasbourg Vienna Odense Nice
1984 41.4 % 42.2 % 29.1 % 38.1 %
2014 53.0 % 53.5 % 36.6 % 44.7 %
Change 11.6 % 11.3 % 7.5 % 6.6 %
RCP 4.5 and 1.2–1.3 for RCP 8.5), leading to expected in-
tensity increases of 10–30 %. As expected, the average CFs
are found to increase the most for the most extreme events
(RP 100), and in the majority of cases (except for Nice) those
for RCP 8.5 are found to be higher than for RCP 4.5. In addi-
tion, we observe a large variation in CFs when using the dif-
ferent GCMs, as the 90th percentile and 10th percentile val-
ues differ considerably from the ensemble mean. For Vienna
and Odense, few models project a decrease in the intensity
of extreme precipitation (CFs< 1) for the RCP 4.5 scenario.
The variation in CFs between different models confirms the
findings of previous research efforts (e.g. Hawkins and Sut-
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Table 2. Change factors for hourly precipitation for the period 2081–2100 (control period: 1986–2005) for RCP 4.5 and RCP 8.5 for
Strasbourg, Vienna, Odense and Nice. Results are based on regional climate projections using the RCA4 regional climate model, downscaling
10 different GCMs: CANESM2, CSIRO, CERFACS, ICHEC, IPSL, MIROC, MOHC, MPI, NCC and NOAA (ESGF, 2016).
France Austria Denmark France
Strasbourg Vienna Odense Nice
Parameter Return period RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5
90th percentile RP 10 1.22 1.33 1.25 1.37 1.18 1.28 1.30 1.37
RP 20 1.24 1.38 1.29 1.39 1.20 1.32 1.39 1.42
RP 50 1.32 1.46 1.40 1.43 1.26 1.39 1.53 1.51
RP 100 1.39 1.54 1.51 1.46 1.34 1.45 1.63 1.59
Average RP 10 1.13 1.26 1.12 1.25 1.07 1.17 1.18 1.19
RP 20 1.15 1.28 1.13 1.27 1.08 1.17 1.22 1.21
RP 50 1.17 1.32 1.15 1.30 1.10 1.18 1.27 1.25
RP 100 1.20 1.35 1.18 1.33 1.12 1.20 1.32 1.29
10th percentile RP 10 1.06 1.14 1.01 1.17 1.01 1.09 1.06 1.02
RP 20 1.04 1.12 1.00 1.14 0.98 1.08 1.03 1.00
RP 50 1.02 1.09 0.98 1.12 0.97 1.04 1.05 1.00
RP 100 1.00 1.08 0.96 1.13 0.96 1.00 1.07 1.01
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system as in 1984), and are using present-day precipitation intensities.
ton, 2011) that model uncertainty remains a primary source
of uncertainty in precipitation projections.
3.3 Run-off from impervious and pervious areas
Figure 5 shows the run-off ratios for the different cities in
1984 and 2014 (2013–2015) divided into the proportions
for impervious (Rt,IS) and pervious areas (Rt,non-IS). As ex-
pected, the total run-off ratio is highest for the most extreme
events (i.e. RP 100) and decreases with the intensity of the
precipitation. Regional differences in precipitation character-
istics, degree of imperviousness and soil infiltration proper-
ties cause total run-off ratios to vary considerably between
the different cities, with present-day run-off ratios ranging
from 26–44 % for Odense to 52–79 % for Nice. In general we
find thatRt,non-IS accounts for the largest part of the total run-
off, although with differences between different locations
and events. Some important observations should be noted.
First, we see that run-off from pervious areas (Rt,non-IS) is
most important for the smallest events, and vice versa for im-
pervious areas (Rt,IS). Secondly, regional differences in im-
perviousness and especially soil infiltration causes Rt,non-IS
to dominate run-off for Nice, while the shares are compara-
ble for Odense, Vienna and Strasbourg. Finally, an increase
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Figure 6. Flood-hazard maps for sub-area in Odense showing the maximum water depth and extent during extreme precipitation events with
return periods of (a) 10, (b) 20, (c) 50 and (d) 100 years for RCP 8.5 in the period 2081–2100 using average climate factors and present-day
imperviousness.
in run-off ratios during 1984–2014 can be identified for all
four cities consistent with the increase in the IS fractions
also found in this period (Table 1). Not surprisingly, we find
that Rt,IS increased and Rt,non-IS decreased during 1984–
2014 (2013–2015). Overall we find the amount of run-off
from pervious urban areas to be considerable, suggesting that
in many cases future precipitation intensities lead to higher
amounts of surface run-off than can be infiltrated into the
soils.
3.4 Impacts of urban development and climate change
on pluvial flooding
The primary outputs from the flood-model simulations are in
the form of flood-hazard maps showing the maximum flood
depth and extent for each individual simulation (Fig. 6). We
will quantify the impacts of urban development and climate
change through a cross comparison of multiple flood-hazard
maps. The results of the combined remote-sensing and flood-
modelling analyses (Fig. 7) depict a clear pattern of increased
flooding for events with longer return periods and for events
simulated with elevated levels of imperviousness, the latter
due to urban development during 1984–2014. Flooding is de-
fined here as occurring when maximum surface water depths
exceed 10 cm. Similarly, the effects of climate change are
found to increase pluvial flooding substantially for all return
periods and for both climate scenarios, with RCP 8.5 having
a larger impact in most cases. Only in the case of Nice are
the results for RCP 4.5 and RCP 8.5 comparable. In all of the
following figures, we show explicitly the results of changing
the ISs and the simulated effect of climate change, and hence
error bars representing uncertainties in the estimated impacts
of urban development and climate change, respectively, are
calculated based on variations in the potential soil infiltra-
tion rates and climate factors for each of the four cities. The
range of uncertainties related to the projection of future pre-
cipitation intensities are found to be largely comparable to
those of soil infiltration estimates (Fig. 7). However, there is
a tendency towards a greater influence of uncertainties on soil
infiltration for the smallest events and vice versa for precipi-
tation with the highest intensities. In addition, in all cases ex-
cept for Nice we observe that the uncertainty increases with
the intensity of precipitation, and the error bars widen when
we move towards the most extreme events (Fig. 7). There
are notable differences in how severely the urban areas are
impacted by flooding depending on their geographical lo-
cation, climate conditions, soil properties and topographies.
For Odense, the observed share of total area prone to plu-
vial flooding approximates to 5 % for the most severe events
while approaching 10 % for Vienna and Strasbourg and 20 %
for Nice. The results of the flood-model simulations where
the drainage system is updated to follow urban development
(2014d in Fig. 7) and climate change (RCP 45d and RCP 85d
in Fig. 7) suggest several important implications. First, de-
veloping the urban drainage system in relation to increases
in imperviousness (i.e. due to urban development) appears to
compensate fully for the increase in flooding caused by the
additional run-off from sealed surfaces. In contrast, updating
the drainage system according to increases in precipitation
intensities (i.e. caused by climate change) only marginally
reduce flooding for the largest events, primarily because the
increased capacity is small when compared to both the cur-
rent and future changes in the intensity of these very severe
events.
In comparing the absolute changes in exposure to flooding
caused by urban development and projected climate change
respectively, we find that the relative influence of these
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two drivers varies considerably between the different cities
(Fig. 8). To compare the influence of 30 years of urban devel-
opment in 1984–2014 with climate change in a 100-year per-
spective (1986–2005 to 2081–2100) the results are normal-
ized and shown in terms of “change per year”. For Odense,
Vienna and Strasbourg, the influence of recent urbanization
is comparable to that of increased precipitation extremes un-
der the RCP 8.5 (Odense) and RCP 4.5 scenarios (Vienna and
Strasbourg), whereas climate change is the most important
driver for Nice. This is consistent with the variations in the
properties of soil infiltration between the four cities (Fig. 3).
The relative importance of climate change increases in all
cases when moving towards the most extreme events (i.e.
RP 50 and RP 100). We observe a large uncertainty related
to the climate change projections, especially for the most ex-
treme events, with a few models even projecting a decrease
in precipitation intensities and in overall flood exposure for
Vienna and Odense (error bars below 0 for RP 20–RP 100).
For Odense, Vienna and Strasbourg, we find that the abso-
lute changes in pluvial flooding increase with the intensity of
the events for both urban development and climate change,
whereas the same trend is not observed for Nice. This dif-
ference could be explained by the presence of extensive to-
pography (average slope of 8 %) within Nice, causing surface
waters to flow over greater distances. As a result, changes to
ISs that occur outside the urban zone may to some degree
influence the simulated flooding within this area. Also, the
findings imply that continued urban development over a 100-
year period could potentially facilitate an increase in flooded
areas corresponding to approximately 1–2 % of the total ur-
ban area (0.01 % year−1 – horizontal lines), increasing to 5 %
for some cities (0.05 % year−1 – horizontal lines) as a con-
sequence of high-end climate change (RCP 8.5). The results
presented in Fig. 8 confirm that updating the drainage system
in relation to increases in imperviousness is an efficient strat-
egy to mitigate the adverse effect of soil sealing (no increase
in flooding for UDd in Fig. 8). Conversely, developing the
drainage system according to the impact of climate change
on precipitation intensities only marginally reduces flooding
(RCP 45d and RCP 85d in Fig. 8).
Lastly, we have assessed the sensitivity of our results to the
selected threshold (10 cm), which is often defined as the sur-
face water depth where damage begins to occur. The results
are normalized to indicate the average change in flooded area
every time absolute imperviousness increases by 1 % on the
city scale. We explore the influence of urban development on
flood exposure for four different thresholds, ranging from 1
to 20 cm (Fig. 9). First, we observe that the estimated effect
of urban development increases more for higher thresholds
(20 cm) as compared to lower flood depths. This relationship
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Figure 9. Relative change in flooded area per 1 % increase in imperviousness. Results are shown as the range of change for water depths of
1, 5, 10 and 20 cm.
is generally present for all cities and precipitation events. A
small variation in flood response is observed in most cases,
confirming that the findings are only marginally sensitive to
the choice of flood threshold. The large increase in flooded
area for the 20 cm threshold (> 10 %) in the case of RP 10 for
Odense is due to a very small area being affected by flooding
at high flood depths for this event, and thus a high predisposi-
tion for experiencing a significant relative change in the case
of increasing imperviousness. Secondly, we find that the in-
fluence of urban development decreases rapidly for all flood
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thresholds as we move towards the most extreme precipita-
tion events. In addition, we find that the relative importance
of urban development and climate change is unaffected by
variations in flood thresholds, indicating that our findings are
robust to the selection of this parameter.
4 Discussion
Assuming that the soil is fully saturated at the onset of the
precipitation and that the initial loss is negligible, we applied
a simplified Horton’s infiltration model (Eq. 3), where in-
filtration capacity is constant during precipitation. This sce-
nario assumes conservative infiltration capacities and may
exaggerate run-off from pervious surfaces in situations where
the soils are not saturated at the onset of precipitation. Sim-
ilarly, this may also result in conservative impacts of soil
sealing (i.e. due to urban development). Due to a large vari-
ation in reported initial infiltration capacities, and because
such values are difficult to extrapolate to other geographical
areas, a constant infiltration rate is preferred in the current
study. In addition, initial losses have previously been found
to be negligible for the total infiltration/run-off during ex-
treme precipitation (Stone et al., 2008), which is the type of
precipitation considered in the present study.
Climate-change impacts on future extreme precipitation
(and consequently on pluvial flooding) and the influence of
urban development in exposing cities to floods are both sur-
rounded by large uncertainties. The primary uncertainties in
the projection of future precipitation extremes can be at-
tributed to the incomplete understanding of processes and
components in the Earth’s system, resulting in large model
uncertainties and thus large variations in projected change
factors between different models (Hawkins and Sutton, 2011;
Sunyer et al., 2015a). A diversity of downscaling methods,
climate scenarios and natural internal variability, especially
in the short term, also contribute to a high level of uncer-
tainty when projecting precipitation extremes. In the current
study, the uncertainty related to climate change is addressed
by including different climate scenarios, as well as high/low
climate change factors, corresponding to the 90th and 10th
percentiles from a set of 10 different GCMs. The resulting
change factors derived for future precipitation were found
to be in close agreement with the findings of other stud-
ies (Larsen et al., 2009; Willems et al., 2012; Sunyer et al.,
2015a), although direct comparisons are limited by differ-
ences in key variables and methodological assumptions be-
tween these studies. These include the choice of climate sce-
narios, control and scenario periods, and the characteristics
of the extreme events. It is generally agreed that change fac-
tors and related uncertainties are elevated for precipitation
events with longer return periods and for higher-end climate
scenarios (i.e. larger change factors for RP 100 and RCP 8.5),
and our findings confirm these patterns. On the basis of anal-
yses of output from one regional climate model, Larsen et
al. (2009) found change factors of 1.27 and 1.35 (France),
1.19 and 1.21 (Austria), and 1.36 and 1.60 (Denmark) for
RP 20 and RP 100 respectively at the end of the 21st cen-
tury under the IPCC A2 scenario. These factors are similar
to what was observed for the RCP 8.5 scenario in the current
study (Table 2).
The observed increase in flood exposure as a consequence
of urban development (i.e. changes to impervious surfaces) is
comparable with the findings of previous studies (Poelmans
et al., 2010; Dams et al., 2013; Verbeiren et al., 2013). In
those studies, recent increases in urban footprints in north-
west Europe are found to produce similar elevated run-off
quantities on a catchment scale during both normal and ex-
treme precipitation. The above authors find exaggerated run-
off volumes of 1.5–2.5 % to be expected for a change in ur-
ban land cover/imperviousness of 1 %, in close agreement
with the findings of the current study (Fig. 9). Also, the ob-
served decline in the importance of soil sealing when mov-
ing towards more extreme precipitation events confirms the
findings of Hollis (1975), who concludes that changes to im-
perviousness are negligible for flood magnitudes with return
periods of greater than 100 years, while causing discharge
rates to increase as much as 10-fold for very frequent events
(return periods of less than 1 year).
Knowledge about the individual and combined effects of
historical urban development patterns, expected future pre-
cipitation and the ensuing changes to large-scale (city level)
exposure to flooding can assist decision makers and city plan-
ners to develop climate resilient cities. For example, from
our analysis we find that urban development in Odense and
Vienna influences the extent of flooding considerably, while
only marginally affecting the degree of flooding for Stras-
bourg and Nice (Fig. 8). This suggests that further soil seal-
ing in Odense and Vienna (and similar urban areas) should
be considered very carefully, as it may substantially increase
their exposure to pluvial flooding. In addition, we observe a
decline in the impact of soil sealing as precipitation intensi-
ties increase (greater impacts for shorter return periods; see
Fig. 9), which implies that using green urban areas as adap-
tation measures is most efficient for the least severe events,
while not providing any noticeable protection against flood-
ing due to high-intensity precipitation. We find that updating
the drainage system to correspond to changes in impervious-
ness, as is common in many countries, completely mitigates
the adverse impacts of soil sealing on flooding. This clearly
indicates that current practices are often sufficiently effec-
tive as large-scale adaptation measures in addressing the im-
pacts of urban development on pluvial flooding. Following a
strategy where the design of the drainage system is specifi-
cally updated to match that of expected increases in precip-
itation intensities caused by climate change mainly affects
the frequency of pluvial flooding, while only marginally re-
ducing the amount of flooding for the largest events. This is
partly caused by the positive correlation between CFs and
precipitation intensities (Table 2), which leads to a relatively
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large increase in the intensity of very extreme events (RP 20–
RP 100), as compared to the smaller events (RP 5), from
which the drainage system is designed.
In terms of increased flood risk, the effect of the last
∼ 30 years of urban development in several of the cases is
found to be comparable to the impacts of a moderate climate-
change scenario (i.e. RCP 4.5). In adapting an optimistic
mind set when interpreting the results of our analysis, one
may therefore argue that climate change may potentially not
influence flooding to an extent that far exceeds what we are
already used to dealing with in relation to urban develop-
ment. We may just need to address the challenge a bit dif-
ferently from what we have been used to. The four cities in
the analyses represent a wide range of soil infiltration rates,
which is the key driver determining the impact of soil seal-
ing (e.g. caused by urban development), and the reported im-
pacts of urban development on flood severity are expected
to be representative of many other cities, particularly in Eu-
rope. This indicates not only that future city development
should occur where flood risk is negligible but also that the
retrofitting of existing areas of cities should receive great
attention when planning future climate-resilient cities. Evi-
dently, the relative importance of urban development and cli-
mate change for overall exposure to flooding will differ ac-
cording to current and future city- and region-specific urban-
ization rates. Thus, the results presented here should not be
considered valid for regions that are characterized by rapid
urbanization, including some Asian and African megacities.
For such regions, urban development will most likely be the
primary driver of changes in the exposure of cities to pluvial
flooding.
The results of the urban development analysis should be
considered fairly robust, as the method applied here is well
established. However, a few aspects deserve additional at-
tention. First of all, the remote-sensing technique used to
estimate imperviousness and changes in this study is only
strictly applicable within urban areas and is most accurate
for cities where bare soil does not occupy a large propor-
tion of the urban surface. The accuracy decreases consider-
ably for other land use types (e.g. agricultural areas, forest).
Indeed, for surrounding land-cover types, including agricul-
tural areas, the method is likely to introduce large errors. For
the four cities considered here, visual inspection confirmed
this to be a minor issue. Since urban boundaries rarely co-
incide with the physical boundaries of watersheds, the mod-
elled area is extended considerably from the urban coverage.
A consequence of this is that (wrongly) measured changes in
imperviousness outside the cities could have been the cause
of slightly increased or reduced flooding within the urban ar-
eas. We expect this to be most pronounced for areas charac-
terized by large elevation differences within short distances,
prompting surface water to move over larger distances. Also,
some uncertainty remains due to differences in the spectral
response function between the Landsat 5 and Landsat 8 sen-
sors, as official conversion factors are not yet available for all
locations and environments.
In many instances, our simplified modelling approach will
be unable to determine locations of flooding with a sufficient
level of accuracy. This is partly because no drainage system
model was included in the flood model, and also because of
the rather coarse resolution (25 m grid cells) of the elevation
model, which does not adequately represent the actual char-
acteristics of the topography. The assumption of a perfectly
designed and maintained urban drainage system with capac-
ities corresponding to a RP 5 for all locations is not valid in
practice and contributes further to the uncertainty. Evidently,
by neglecting the exact location and characteristics of the ur-
ban drainage system, errors are introduced which particularly
influence the results with respect to the location of flooding
as simulated by the model. However, it is assumed that these
effects will be localized and that their significance will de-
crease for more extreme precipitation events (Paludan et al.,
2011).
5 Conclusions
In this study, we examine the impacts of recent urban devel-
opment and future climate change in exposing urban areas
to pluvial flooding for four cities in Europe using a com-
bined remote-sensing and flood-modelling methodology. Ur-
ban development is calculated as changes in imperviousness
during 1984–2014 using information on vegetation cover
based on data from the Landsat 5 and 8 sensors. Climate-
change impacts on extreme precipitation (and related flood-
ing) are quantified using a change factor methodology, and
extreme value analyses are conducted for present-day (1986–
2005) and future (2081–2100) precipitation time series for
two climate change scenarios. We find that the impacts of
urban development and climate change are comparable, al-
though with large geographical differences. Urban develop-
ment is found to have a large influence on flood exposure
for urban areas characterized by coarse soil textures and lim-
ited topography, as soil infiltration rates are excessive here,
causing the influence of soil sealing to be high in such areas.
For Odense and Vienna, the impacts of the changes in pre-
cipitation intensities for flood exposure under the RCP 8.5
scenario is of the same order of magnitude as that caused
by urban development, while climate change is the dominant
driver in exposing Nice and Strasbourg to pluvial flooding for
most events. We find flooding to increase by 0–10 % for ev-
ery increase in absolute imperviousness of 1 %. We also find
that the projection of extreme precipitation is surrounded by
considerable uncertainties with large inter-model variation in
the estimated change factors. The results show a clear trend
towards increased impact of soil sealing for the least severe
precipitation events, while only marginally affecting flooding
during precipitation with long return periods. Updating the
drainage system according to changes in urban land cover,
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as is common in many countries, is found to mitigate the ad-
verse impacts of urban development in exposing cities to plu-
vial flooding. However, upgrading the sewer system to main-
tain a fixed frequency of flooding only has a minor influence
on the amount of flooding for very long return periods.
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